Transgenic rice plants overexpressing a mutant rice gene for anthranilate synthase alpha subunit (OASA1D) accumulate large amounts of free tryptophan (Trp) with few adverse effects on the phenotype, except for poor germination and weak seedling growth. Metabolic profiling of 8-d-old seedlings of Nipponbare and two high-Trp lines, HW1 and HW5, by high performance liquid chromatography-photo diode array (HPLC-PDA) confirmed that, relative to Nipponbare, only the peak attributed to Trp was significantly changed in the profiles of the OASA1D lines. More detailed and targeted analysis using HPLC coupled with tandem mass spectrometry revealed that the OASA1D lines had higher levels of anthranilate, tryptamine, and serotonin than Nipponbare, but these metabolites were at much lower levels than free Trp. The levels of phenylalanine (Phe) and tyrosine (Tyr) were not affected by the overproduction of Trp. Transcriptomic analysis by microarray validated by quantitative Real-Time PCR (qRT-PCR) revealed that at least 12 out of 21 500 genes showed significant differential expression among genotypes. Except for the OASA1D transgene and a putative IAA b-glucosyltransferase, these were not related to Trp metabolism. Most importantly, the overexpression of the OASA1D and the consequent accumulation of Trp in these lines had little effect on the overall transcriptome, consistent with the minimal effects on growth and the metabolome. Integrated analysis of the metabolome and transcriptome of these OASA1D transgenic lines indicates that the over-accumulation of free Trp may be partly due to the low activity of Trp decarboxylase or other metabolic genes that directly utilize Trp as a substrate.
Introduction
Metabolic engineering involves the modification of metabolic pathways in living organisms through recombinant DNA technology. It has been used to generate higher levels of desirable plant metabolites such as alkaloids, essential oils, seed oils, carotenoids, etc (Broun and Somerville, 2001) . Rice (Oryza sativa L.) is the major staple food of half of the world's population and improving its nutritional qualities could have a major impact on the quality of life of billions of people.
Tryptophan (Trp), a key amino acid, is usually found in limited quantities in cereals such as rice and maize. To date, the most dramatic improvement in free Trp levels in plants has been obtained by Tozawa et al. (2001) who introduced a mutant form of the anthranilate synthase (AS) gene of rice (OASA1D) into a rice cultivar, Nipponbare. It has been demonstrated that AS produced by the OASA1D mutant was insensitive to feedback regulation by Trp and transformed plants were obtained that accumulated up to 5354 nmol g À1 fresh weight (FW) of free Trp, 35 times more than the 153 nmol g À1 FW found in the wild-type Nipponbare. HW1 and HW5 are the best performing OASA1D transgenic lines and they are now undergoing field-testing and feeding tests.
Trp is a key participant in many of the cell's metabolic activities. Accordingly, the overproduction of free Trp caused by the loss of feedback regulation of AS possibly affects various aspects of plant metabolism. Trp is synthesized via the shikimate pathway along with other aromatic amino acids, phenylalanine (Phe) and tyrosine (Tyr). Thus, funnelling of the metabolic flow into the Trp pathway may result in the depression of Phe and Tyr pools because of an insufficient supply of common precursors from the shikimate pathway. In addition, the loss of feedback regulation of AS increases production of anthranilate and downstream intermediates of Trp.
Trp is converted to a diverse range of secondary metabolites such as indole acetic acid (IAA), serotonin and, in many medicinal plants, the pharmacologically important terpene indole alkaloids (Fig. 1) . The decarboxylation of Trp to tryptamine is a common metabolic process leading to the formation of secondary metabolites. Indeed, the accumulation of tryptamine has been detected in lesions formed on the leaves of the rice sl mutant (Ueno et al., 2003) . The presence of melatonin, a Trp-derived secondary metabolite, has been reported in rice (Hattori et al., 1995) . Enhanced AS activity accompanied the production of Trp-derived secondary metabolites in response to exogenous stimuli (Niyogi and Fink, 1992; Bohlmann et al., 1995) , indicating the concerted regulation of Trp production and the downstream secondary metabolism. Research into the regulation mechanisms of Trp biosynthesis and metabolism by the analysis of OASA1D transgenic rice should be a basis for rational metabolic engineering of these Trp-derived pathways.
The overaccumulation of Trp caused by the introduction of the OASA1D gene may affect unexpected processes in the plant's physiology via a sequence of multiple events that may include altered gene expression. Transgenic Arabidopsis that express OASA1D at high levels showed increased levels of Phe and Tyr but the levels of their downstream products, phenylpropanoids and flavonoids, decreased (Ishihara et al., 2006) . Thus, the decrease of Phe-derived secondary metabolites can not be simply explained by the competition between Trp and Phe branches of chorismate metabolism. The effect on global gene expression by altered amino acid metabolism was analysed in the double mutant of pal1 and pal2 genes that encode Phe ammonia-lyase isoforms in Arabidopsis (Rohde et al., 2004) . The double mutant accumulated Phe at a high concentration and exhibited the altered expression of a large number of genes involved in sugar and amino acid metabolism.
In this study, a combination of microarray analysis with non-targeted and targeted metabolic profiling was employed to investigate the effect of OASA1D expression on the transcriptome and metabolome of rice plants. Agilent's rice oligo-array was used to characterize the transcriptome of transgenic rice plants containing the UBI:OASA1D expression cassette grown in vitro, the methods used to analyse microarray data were evaluated, and selection parameters were developed with regard to validation of quantitative Real-Time PCR (qRT-PCR). In addition, metabolic profiles were obtained by high performance liquid chromatography-photo diode array (HPLC-PDA) to detect changes in the levels of major metabolites. The amounts of anthranilate, Trp, tryptamine, and serotonin were measured by HPLC coupled with tandem mass spectrometry (LC-MS/MS). With this integrated, multidisciplinary approach (Hirai et al., 2004; Kristensen et al., 2005) , it was hoped to elucidate the reasons for the overaccumulation of Trp and the low levels of Trp derivatives in OASA1D transgenic rice lines, and to discover how the rice plant deals with the abnormal situation caused by Trp overaccumulation.
Materials and methods
Plant material and in vitro culture HW1 and HW5 lines were isolated from the original Agrobacterium-mediated transformation of Nipponbare callus with OASA1D . Seeds from Nipponbare, HW1, and HW5 were harvested from an isolated field and manually dehulled, surface-sterilized, and then transferred to sterile jars containing a metal mesh for support and 30 ml sterile deionized distilled water. To compensate for slow germination in the OASA1D transgenics, 10, 20, and 15 seeds of Nipponbare, HW1, and HW5, respectively, were sown in each glass jar. The seeds were allowed to germinate in a culture room at 28°C with a 16/8 h light/dark photoperiod. Eight days after sowing, shoots from each jar were pooled, quick-frozen in liquid nitrogen, and stored at -80°C until further use. Pooled samples from each jar were considered as independent biological replicates. Samples from at least two replicates (i.e. two jars) were obtained from each genotype.
RNA extraction and quantitation
Total RNA from each pooled replicate were extracted from 100 mg shoots with RNeasy (Qiagen, Valencia, CA, USA) plus DNase treatment according to the manufacturer's instructions. The concentration and quality of total RNA were determined using an Agilent 2100 Bioanalyser and RNA 6000 kit (Agilent Technologies, Palo Alto, CA). Aliquots from the initial extracts were used for both microarray and qRT-PCR assays.
Microarray hybridization
RNA samples: A reference sample was constructed by pooling the two replicates obtained from Nipponbare at a 1:1 ratio. The other Fig. 1 . Rice cDNAs with putative function in the synthesis and downstream processing of Trp. These accessions were identified using existing annotations in the KOME database and by homology search using pertinent proteins with known function via tBLASTn. (NB As of writing, only OsASA1 and OASB have been functionally verified in rice.)
Metabolome and transcriptome of high-Trp rice 3 of 13 at Pennsylvania State University on February 22, 2013 http://jxb.oxfordjournals.org/ Downloaded from six samples (two each from Nipponbare, HW1, and HW5) were then co-hybridized with this constant reference sample. In addition, hybridization followed a flip-dye design such that the first replicate was labelled with Cy3 and the second with Cy5. This is based on the recommendation of Dobbin et al. (2003) who concluded that flip-dye labelling is required when the identification of genes expressed differently in the reference sample and in the nonreference samples is desired.
Hybridization protocol: Using Agilent's Low Input RNA Fluorescent Amplification Kit, 400 ng of total RNA from each replicate were reverse transcribed, linearly amplified, and then labelled with either cyanine-3 CTP (Cy3) and cyanine-5 CTP (Cy5). Cy3-and Cy5-labelled cRNAs were mixed with In situ Hybridization Kit Plus (Agilent) and incubated at 60°C for 30 min to fragment the cRNAs to an average size of 100-200 bp. The hybridization solution and the fragmented cRNAs were injected into a hybridization chamber containing one Agilent's Rice Oligo microarray slide; each slide has 22 575 60-mer probes including ;21 500 probes specific for unique rice full-length cDNA transcripts annotated in the KOME database (http://cdna01.dna.affrc.go.jp/cDNA/). After incubation for 17 h at 60°C, the slides were washed and the hybridization signals were detected with the G2565BA Microarray Scanner System from Agilent. Scanned microarray images were processed with Feature Extraction 6.1.1 software (Agilent).
Microarray data analysis:
The log of Cy5/Cy3 signal ratios was calculated with Agilent's Feature Extraction software. The probability of significant genetic differences in gene expression was estimated by performing a monofactorial analysis of variance (AOV) of the signal log ratios (Cy5/Cy3). Genes that showed differential expression at P <0.01 were subjected to Hierarchical Cluster analysis by average linkage clustering of Euclidean distances based on the log 10 reference adjusted signal ratios. The analysis was performed in TIGR's Multiple experiment Viewer (Mev) v 3.1 (Saeed et al., 2003) .
The average mean fold change (MFC) of each gene, based on the Loess-normalized signal intensity of HW1 and HW5 relative to Nipponbare, was also calculated. An MFC <0.67 or MFC >1.5 was adopted as an alternate selection parameter.
Correlation coefficients between qRT-PCR and the anti-log of the ratios generated by Agilent's Feature extraction software data were performed via Excel. Microarray data were also subjected to arsinh and cube root transformations and normalization by a stably and constitutively expressed 'housekeeping' gene, actin (AK072796).
qRT-PCR Reverse transcription of 5 lg total RNA from each sample was performed with Superscript III (Invitrogen) at 42°C. PCR primers (19-22 bp) were designed with Primer3 (http://frodo.wi.mit.edu/cgibin/primer3/primer3_www.cgi) to amplify 50-150 bp fragments with a melting point range from 75-85°C. Following the recommendations of Perkin-Elmer for SYBR Green primers, the last five nucleotides of each primer were limited to no more than two C or G residues to minimize the frequency of primer-dimers and false priming products. QRT-PCR was performed in an ABI Prism 7000 Sequence Detection System (Perkin-Elmer Applied Biosystems, Foster City, CA) using a SYBR Green RT-PCR Reagents kit in 10 ll reaction volumes containing 2.5 ng cRNA template and 2.5 pmol primer. The standard two-step thermal cycling protocol was repeated 50 times and then the melting point of the amplified products was determined with the prescribed dissociation protocol to verify that the signal came from a single amplicon.
Some of the actin homologues included in Agilent's Rice oligoarray showed unstable expression levels between replicate slides or among genotypes. For the qRT-PCR experiment, the actin gene (AK072796) that was used to normalize expression data of other genes was selected precisely because of the relative stability of its signal among replicates and between genotypes.
Metabolic profiling
HPLC-PDA: After weight measurement, leaf samples were extracted with 10 vols of 80% methanol for 12 h. HPLC-PDA was performed essentially as described by Matsuda et al. (2005a) . Chromatograms were generated at UV 254 nm to represent the metabolic profile of each entry.
LC-MS/MS for anthranilate, Trp, and related secondary metabolites: Rice leaves were extracted in 10 vols of 80% methanol for 12 h. HPLC separation was performed with an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA, USA) equipped with a Mightysil RP-18 GP column (150 mm long, 2.0 mm i.d., 3 lm particle size, Kanto Chemical, Tokyo, Japan) at a flow rate of 200 ll min 
Results

Phenotype of 8-d-old seedlings
The phenotypes of the seedlings were compared among Nipponbare, HW1, and HW5. Nipponbare showed a more uniform growth rate after germination (% germination: 75.6613.9, seedling weight: 20.463.4 mg) compared with HW1 (% germination: 55.068.6, seedling weight: 11.062.2 mg) and HW5 (% germination: 93.365.8, seedling weight: 21.564.0 mg). Both HW1 and HW5 had very variable seedling growth and germination, with HW1 showing the lowest germination and seedling growth rate among the three genotypes. Despite the initially poor growth, however, the three genotypes showed similar vegetative biomass at maturity, indicating that HW1 and HW5 eventually caught up with Nipponbare in terms of vegetative growth . Leaf samples collected in the early seedling phase were pooled carefully to determine the basis for the observed phenotypic differences between Nipponbare and the high Trp lines.
The overaccumulation of Trp in tissues is obviously an unusual status for plants. Nevertheless, no evident negative effects of Trp overproduction has been found except for a low germination rate and retarded seedling growth immediately after germination . It is likely that OASA1D transgenic rice activates various molecular mechanisms to maintain metabolic homeostasis by regulating the expression of genes related to Trp biosynthesis and catabolism. This regulation will increase and decrease the levels of Trp-related metabolites.
Non-targeted profiling by HPLC-PDA
The effect of OASA1D expression on the aromatic components of the metabolic profile of HW1 and HW5 seedlings was analysed by reversed phase HPLC coupled with a photodiode array detector monitoring a wavelength range of 190 to 400 nm. Figure 2 shows chromatograms obtained at 254 nm, which is suitable for the detection of aromatic compounds including anthranilate-related metabolites. The metabolic profiles revealed that the peak attributed to Trp was drastically increased by the expression of OASA1D and no apparent accumulation of other metabolites was observed. This suggests that most of the excess anthranilate supplied to the Trp biosynthetic pathway by the overexpression of OASA1D was used for Trp synthesis and that downstream gene activity was insufficient to deplete the accumulated Trp significantly. Essentially similar results were obtained at wavelengths other than 254 nm (data not shown). Specific accumulation of Trp was also observed upon introduction of the OASA1D transgene into rice calli (Morino et al., 2005) , potato (Matsuda et al., 2005b) , and Arabidopsis (Ishihara et al., 2006) .
Targeted metabolic analysis by LC-MS/MS
To evaluate the effects of the introduction of OASA1D on the accumulated amounts of intermediate compounds, targeted analysis was performed of anthranilate, aromatic amino acids (Trp, Phe, Tyr), and indole alkaloids (tryptamine and serotonin) in transgenic lines by LC-MS/ MS in MRM mode (Fig. 3) . The amounts of Trp in the transgenic lines were 46-and 30-fold larger than that in Nipponbare (49 nmol g À1 FW). The relative amounts of Trp between transgenic and wild-type plants were within the range of previously reported values (Tozawa et al., 2001) . The analysis also showed the accumulation of anthranilate at significantly higher levels in HW1 and HW5 (Fig. 3) . This is probably due to the increase of metabolic flow in the Trp biosynthetic pathway. The amount of indole was under the detection limit (250 pmol g À1 FW) in all lines. The enhanced Trp synthesis in these OASA1D transgenic lines had little effect on metabolic flow into the branch for Phe and Tyr in the shikimate pathway.
Tryptamine, serotonin (5-hydroxytryptamine), 5-methoxytryptamine, melatonin, and gramine were included in targeted metabolic analysis as Trp-derived secondary metabolites. Tryptamine (Ueno et al., 2003) and melatonin (Hattori et al., 1995) have been shown to be present in rice. Serotonin and 5-methoxytryptamine are putative biosynthetic intermediates of melatonin (Murch et al., 2000) , while gramine is a defensive secondary metabolite found in barley (Corcuera, 1993) . Tryptamine and serotonin were detected in the extracts (Fig. 3) , but the amounts of other compounds were under the detection limits (300 pmol g À1 FW for 5-methoxytryptamine; 40 pmol g À1 FW for melatonin, and 110 pmol g À1 FW for gramine). The analysis indicated that the levels of tryptamine and serotonin were slightly increased by the OASA1D expression. The absolute levels and fold increase of tryptamine (1.3-1.8 nmol g À1 FW, 2.8-3.8-fold) and serotonin (16-29 nmol g À1 FW, 2.1-3.7-fold) in the transformants were far less than that of Trp (more than 1500 nmol g À1 FW, 30-46-fold), suggesting that the conversion from Trp to tryptamine may be strictly regulated in transgenic lines.
On the basis of these findings, the following question arose: why is so much Trp accumulated in OASA1D transgenic plants and, conversely, why is so little channelled into downstream products? Hence microarray analysis was carried out to help explain this conundrum.
Detection of differential gene expression by microarray analysis
Microarray hybridization was executed considering the possibility of differential expression due to 'dye' effects in microarrays, one replicate was labelled with Cy5 while the other was labelled with Cy3. The reference design, where each sample is co-hybridized with a common reference, was adopted to facilitate analysis of data. The reference consisted of a pooled sample of RNA independently extracted from each replicate jar containing the Nipponbare seedlings.
Loess-normalized Cy5 or Cy3 signal values were used to calculate MFC, which is defined as the average signal in OASA1D lines relative to the common reference. A selection parameter of MFC <0.67 or MFC >1.5 identified 2211 genes that showed at least 50% change in OASA1D transgenics relative to the wild-type control (Fig. 4) . Most (70.6%¼1560/2211) of the genes were upregulated in OASA1D transgenics relative to Nipponbare. The genes were further classified into the following categories: U (unknown or unclassified), CWMT (cell wall, membrane, and transport), CPR (cell processes and reproduction), EF (energy flow), ER (environmental response), and MD (maintenance and development). While basically showing similar proportions in these various categories, it is interesting to note that EF genes accounted for a greater proportion of down-regulated genes as compared to up-regulated genes in OASA1D transgenics.
Monofactorial AOV for selecting genes that show relatively low variation between replicates and high variation between genotypes revealed 70 genes that showed differential gene expression at a P <0.01. The relationships among these genes are shown in the hierarchical cluster in Fig. 4 . Only two ESTs showed expression patterns that were almost identical to that of OASA1D: one codes for an NBS-LRR-like [nucleotidebinding site (NBS) and leucine-rich repeat (LRR)] protein while the other codes for an unknown protein (indicated by red asterisks in Fig. 4) . Most (58.5%) of the differentially expressed ESTs code for unknown proteins while the known proteins are associated with various aspects of plant metabolism. Except for OASA1, none of the differentially expressed genes identified by AOV could be associated with Trp metabolism. Comparing the number of genes identified, it is clear that AOV is more conservative than MFC.
There were only 22 genes (out of 21 500) that satisfied both criteria described above, i.e. MFC <0.67 or MFC >1.50 and significant genotype effects at P <0.01 in AOV, suggesting that the introduction of OASA1D and resulting Trp overaccumulation had minimal impact on global gene expression.
Other methods of data transformation such as arsinh (Huber et al., 2002) , cube root (Keay et al., 2003) , and normalization (using actin) were evaluated, but these turned out not to be superior to the above methods in identifying significantly different gene expression.
Differentially expressed genes according to qRT-PCR
The expressions of differentially expressed genes selected by the microarray analysis were verified since array performance is quite sensitive to variations in each step of the complex assay procedure. Validation of microarray data has been attempted using biological and technical replicates on different slides, microarrays of other platforms (i.e. cDNA versus oligo-based microarrays; Mitchell et al., 2004) , qRT-PCR (Allen and Nuss, 2003; Dallas et al., 2005) , semi-quantitative RT-PCR (Romualdi et al., 2003) , and conventional northern blots (Rabbani et al., 2003) . Kimura et al. (2004) used Agilent's rice 22K custom oligo DNA microarray to confirm data on the expression pattern of DNA repair genes obtained via northern and in situ hybridization in the shoot apical meristem (SAM) and mature leaves of rice. In this study, the qRT-PCR method was employed.
Microarray analysis detected the differential expression of 2259 genes based on both MFC and AOV (at P <0.01). The genes were classified into three groups: (1) genes showing significant genotype effects at P <0.01 (48 genes); (2) genes with MFC <0.67 or MFC >1.50 (2189 genes); and (3) genes that satisfied both criteria (22 genes). As shown in Table 1 , 4, 20, and 5 genes were selected from groups 1, 2, and 3, respectively, and their expression was analysed by qRT-PCR. The differential expression of 12 genes (2, 5, and 5 genes in groups 1, 2, and 3, respectively) was confirmed by this analysis. Correlation coefficients between raw Cy5/Cy3 data from Agilent's microarray and the corresponding qRT-PCR data are shown in Table 1 . In our experiment, 72% (21/29) of the genes showed significant (P <0.05) correlation coefficients, indicating general agreement between qRT-PCR and the rice oligo array as reported by Dallas et al. (2005) ; however, a large (;28%) proportion of the genes gave non-significant correlations between microarray and qRT-PCR signals.
Verification with qRT-PCR confirmed the presence of significant differences among genotypes in 50% (2/4), 20% (5/20), and 100% (5/5) of groups 1, 2, and 3, respectively. This indicates that selection using both parameters will have a higher probability of identifying differentially expressed genes. The combined approach using data from MFC and AOV may prove to be the most rigorous method for prioritization of genes for verification by qRT-PCR.
Trp-related genes showing significant differential expression among genotypes
Among the 2211 genes that were identified by MFC selection criteria, four genes, including AK072053 (homologous to the OASA1D transgene), AK106302 (coding for a putative IAA b-glucosyltransferase protein that functions in the production of IAA-Glc conjugates in Fig. 4 . Differential gene expression in OASA1D and Nipponbare based on microarray analysis. Left: Hierarchical clustering of differentially expressed genes selected by AOV at P <0.01. Colour scheme: green, low; black, average; red, high. Abbreviations of species names can be found in Table 1 . Asterisks indicate OASA1 and 2 co-regulated genes. Right: Classification of differentially expressed genes according to absolute mean fold change (MFC). Down-regulated genes have MFC <0.67 and up-regulated genes have MFC >1.5. U, unknown or unclassified; CWMT, cell wall, membrane, and transport; CPR, cell processes and reproduction; EF, energy flow; ER, environmental response; and MD, metabolism and development. Species names are abbreviated here but are completely spelled out in Table 1 . a Abbreviations of species names: Ag, Alnus glutinosa; At, Arabidopsis thaliana; Bp, Beta pendula; Cr, Catharanthus roseus; Dc, Dianthus caryophyllus; Dd, Dictyostelium discoideum; Fa, Festuca arundinacea; Gm, Glycine max; Hs, Homo sapiens; Lp, Lolium perenne; Lj, Lotus japonicus; Le, Lycopersicon esculentum; Na, Nicotiana attenuata; Nt, Nicotiana tabacum; Os, Oryza sativa; Pb, Populus balsamifera; Rc, Ricinus comunis; St, Solanum tuberosum; Tf, Thalictrum flavum, Zm, Zea mays.
b Mode, mode of selection where 1 corresponds to genes selected based on AOV at P <0.01, 2 denotes genes selected based on MFC <0.67 or MFC >1.5; and 3 includes genes that satisfy both criteria.
c A, qRT-PCR data normalized by Actin; L, mean fold change (MFC) of Loess-normalized microarray signal; Log (R), P value after AOV analysis of log (Cy5/Cy3); r, correlation coefficient between raw Cy5/Cy3 microarray data and actin-normalized qRT-PCR values. Genes with MFC <0.67 or MFC >1.5 or P <0.01 for AOV or P <0.05 for r are underlined. plants), AK065830 (coding for a tyrosine/dopa decarboxylase), and AK069031 (annotated as the orthologue of the Trp decarboxlase gene in Catharanthus roseus) were associated with Trp metabolism (Fig. 5) . As expected, overexpression of anthranilate synthase increased the levels of OASA1 (and OASA1D) transcripts in the transgenic lines. The mRNA levels of AK106302 and AK069031 increased as well, an indication that their transcriptional mechanisms may be responding to increased levels of the anthranilate synthase precursor. AK065830, however, responded in the opposite direction (i.e. decreased), an indication that it may not directly participate in the tryptophan metabolic pathway in rice.
Discussion
The effects on metabolism of the introduction of OASA1D, which is closely related to the Trp pathway, were investigated. Non-targeted profiling by HPLC-PDA revealed that the introduction of OASA1D did not affect the accumulation of major aromatic compounds with the exception of the intended increase in free Trp. Many of the peaks in the UV spectra generated by HPLC-PDA corresponded to flavonoids and phenylpropanoids that are derived from Phe. In addition, targeted analysis by LC-MS/MS indicated the limited effects of the introduction of OASA1D on the pools of Phe and Tyr. Thus, competition between the branch for Trp and the branch for Phe and Tyr was unlikely in OASA1D expressing rice seedlings. Microarray and qRT-PCR analyses did not show significant changes in the transcription of genes encoding the enzymes on Phe and Tyr branches and upstream of the shikimate pathway. The synthesis of aromatic amino acids is allosterically regulated at the enzyme level. Trp has been demonstrated to activate one isoform of chorismate mutase that is the first committed enzyme for the synthesis of Phe and Tyr in various plant species (Singh et al., 1986) . This feedback activation may function to sustain metabolic flow into Phe and Tyr.
Transcriptomic analysis by microarray validated by qRT-PCR further demonstrated that only a limited number of genes showed altered expression in OASA1D rice lines. This lack of a global response in the gene expression of OASA1D rice lines is consistent with the unchanged metabolite profile. Among Trp-related genes, only putative TDC (AK069031) showed a slightly enhanced expression, suggesting the absence of an inducible regulatory mechanism that deals with Trp accumulation. In contrast to marginal changes in the gene expression in OASA1D rice plants, the expression of a large number of genes was affected in the pal1 pal2 double mutant of Arabidopsis that accumulated Phe at a high concentration (Rhode et al., 2004) . The fundamental reason for this contrast may be the large difference in the metabolic flow between the Trp branch and the branches for Phe and Tyr. Phe serves as a precursor of various flavonoids and phenylpropanoids as well as being a building block of proteins and a substrate for lignin synthesis. Thus, metabolic flow to Phe and Tyr branches from the shikimate pathway is reasonably considered to be much larger than that for the Trp branch. The introduction of OASA1D significantly increased the anthranilate level; however, the levels in transgenic lines were less than 0.1% of Trp, indicating that anthranilate is effectively processed to Trp in transgenic lines. The lack of response of Trp biosynthesis-related genes such as phosphoribosylanthranilate transferase (Fig. 1) in transgenic lines suggests that the large capacity of the downstream biosynthetic enzymes keeps the anthranilate concentration at a low level by converting it to Trp without increasing transcription levels. Such a large capacity of Trp synthesis suggests that the accumulation of intermediates may be detrimental to wild-type plants. A glucosyltransferase that catalyses the glucosylation of anthranilate has been identified in the Arabidopsis Trp1-100 mutant that is defective in phosphoribosylanthranilate transferase (Quiel and Bender, 2003) . This enzyme has been suggested to control the formation of potentially deleterious anthranilate metabolites by rendering excess free anthranilate nonreactive and/or by localizing the conjugate to a subcellular compartment. A similar mechanism does not seem to be operating in transgenic rice because of the absence of peaks that can be assigned to anthranilate glucoside on non-targeted profiling by HPLC-PDA.
The lack of new peaks or changes in peak heights in the chromatograms generated by HPLC-PDA analysis suggest that unexpected metabolism of Trp does not occur in OASA1D rice lines. This is a favourable phenotype from the viewpoint of metabolic engineering because it may support the substantial equivalence of the transgenic lines. A possible explanation for the stability of Trp metabolism in OASA1D rice lines is the isolation of Trp in the compartment where biochemical processes are relatively inactive. Although the function of vacuoles in amino acid storage has not been clarified, putative amino acid transporters have been shown to be localized in the vacuolar membrane (Su et al., 2004) .
Decarboxylation of Trp by Trp decarboxylases (Facchini et al., 2000) and N-hydroxylation coupled with decarboxylation by cytochrome P450 enzymes (Hull et al., 2000; Mikkelsen et al., 2000) are two wellcharacterized reactions leading to Trp-derived secondary metabolites in plants. As the presence of tryptamine (Ueno et al., 2003) and melatonin (Hattori et al., 1995) indicates that the decarboxylation process is indeed active in rice at least under certain physiological conditions, the amounts of tryptamine-derived secondary metabolites were measured. The amounts of tryptamine and serotonin were slightly increased in the transgenic lines; however, the magnitudes of increase were quite small in comparison with that of Trp. The respective increases in the amounts of tryptamine and serotonin in HW1 seedlings were only 0.06% and 0.7% of the Trp levels, suggesting the strict regulation of the secondary metabolism at the first committed step. Similarly, supplemental Trp only slightly increased the accumulation of tryptamine in Cinchona ledgeriana seedlings (Aerts et al., 1990) . More importantly, these results suggest that, in addition to the insensitivity to negative feedback regulation of the OASA1D mutant, the apparent low sensitivity of Trp decarboxylase to high substrate (Trp) levels may be a reason for the underutilization of Trp in in vitro grown rice seedlings.
In this context, the down-regulation of the expression of AK065830 (coding for a putative tyrosine/dopa decarboxylase) demonstrated by microarray analysis is of interest because AK065830 is essentially identical to AB162137, a gene that Ueno et al. (2003) demonstrated to have the ability to increase tryptamine levels in vitro (Fig. 5) . Since Trp decarboxylase is responsible for the conversion of Trp to tryptamine, the authors subsequently claimed that AB162137 is the Trp decarboxylase gene in rice. On the other hand, the expression levels of AK069031, annotated as the orthologue of the Trp decarboxlase gene in Catharanthus roseus in the Knowledge-based Oryza Molecular Biological Encyclopedia (KOME: cdna01. dna.affrc.go.jp) database, was increased in the transformants. Both microarray (Fig. 4) and qRT-PCR data (Fig. 5) revealed the up-regulation of this transcript in OASA1D transgenics, although neither AOV of the log ratios from the microarray nor qRT-PCR data could detect statistically significant genotypic differences because of the large variation in transcript rates between replications. On the basis of the expression pattern and phylogenetic relationship, AK069031 is a more plausible candidate gene that encodes a functional Trp decarboxylase in rice.
Serotonin, a powerful neurotransmitter in mammals, is naturally present in many food and medicinal plants (Badria, 2002) . Tryptamine is converted to serotonin by a constitutively expressed 5-tryptamine hydroxylase, a cytochrome p450 enzyme (Schroder et al., 1999) . Berlin et al. (1993) reported increased serotonin after overexpression of TDC in Pergamum harmala. Serotonin increased in OASA1D transgenics in direct proportion to and about 10 times more than the amount of its precursor, tryptamine (Fig. 3) . From the relative amounts of Trp, tryptamine, and serotonin, it may be deduced that tryptamine production (i.e. TDC activity) is less efficient than serotonin generation (i.e. 5-tryptamine hydroxylase activity) in these rice lines.
It has been suggested that tryptamine is a candidate intermediate of IAA biosynthetic pathway from Trp. Matsuda et al. (2005a, b) and Morino et al. (2005) revealed that OASA1D transgenic plants have higher levels of IAA and its conjugates, but these compounds were at much lower levels than their free Trp contents. AK106302 may be a key player in the metabolism of IAA in OASA1D transgenic rice. IAA-conjugates form rapidly when IAA homeostasis is perturbed, either from applied IAA or in mutant or transgenic lines in which IAA synthesis is de-regulated (Tam et al., 2000) .
Conclusions
The combination of metabolic profiling with microarray analysis has revealed some insights associated with the overexpression of a metabolic gene in Oryza sativa via Agrobacterium-mediated transformation.
Metabolic analysis demonstrated that the amounts of Phe and Tyr did not decrease in OASA1D transgenic lines, and the amount of anthranilate remained at a low level although it significantly increased. Trp levels increased dramatically, but no additional major metabolite was detected. Overexpression of the OASA1D gene substantially increased the mRNA levels of a putative IAA bglucosyltransferase and decreased the expression of one putative Tyr decarboxylase gene. The rest of the genes associated with Trp metabolism did not respond correspondingly. This indicated that the gene(s) needed to process Trp into other metabolites may not respond proportionately to increased amounts of substrate. Consequently, this may at least partly explain the inordinately high amounts of free Trp accumulated in these high Trp rice lines. The low activity of Trp decarboxylase may be a bottleneck suggesting that molecular engineering to change gene regulation or replace with more efficient enzyme variants may provide the key(s) for the full conversion of excess Trp into other, potentially useful, indole compounds.
